Background {#S0001}
==========

NSCLC patients with ALK mutations and gene fusion were first described in 2007.[@CIT0001],[@CIT0002] A total of 2%--7% of NSCLC patients have ALK mutations or ALK gene fusions.[@CIT0003] Patients with ALK mutation have some significant characteristics; for instance, most are young patients with little to no smoking history, and the most common pathological type is adenocarcinoma.[@CIT0004],[@CIT0005] Decades later, three or more generations of ALK inhibitors have been used for ALK-positive NSCLC treatment, including crizotinib, alectinib, ceritinib, and brigatinib.

Crizotinib was the first generation small molecule ALK tyrosine kinase inhibitor (TKI) approved by the FDA for ALK-positive NSCLC patients in 2001. Crizotinib was proven to improve progression-free survival (PFS), and patients had a satisfactory objective response rate (ORR) to the drug.[@CIT0006],[@CIT0007] However, approximately 73% of patients acquired resistance after less than 1 year on crizotinib treatment (medium PFS: 10.9 months).[@CIT0007] Fortunately, the second and third generation ALK inhibitors have provided crizotinib-resistant patients with more options.

Although most of AEs of ALK inhibitors are grades 1 to 2 and generally can be well tolerated by patients, clinical data analysis of the SAEs of the two generations of ALK inhibitors is lacking, and the lung toxicity of ALK inhibitors requires attention.[@CIT0008] Meanwhile, ALK inhibitor-related dyspnea and interstitial lung disease (ILD) have been detected during the treatment process.[@CIT0009],[@CIT0010] Thus, we performed this meta-analysis to evaluate the safety of two generations of ALK inhibitors, especially in terms of drug-related SAEs..

Methods {#S0002}
=======

Search strategy for the studies {#S0002-S2001}
-------------------------------

In June 2018, 2 authors (Hou HL and Sun DT) searched four databases independently, including PubMed, Science Direct, ClinicalTrials.gov, and Cochrane Library. MeSH terms for all keywords were used in the search strategies, including crizotinib, PF-06260182, alectinib, CH5424802, ceritinib, LDK378, brigatinib and AP26113. All keywords were searched in the databases separately. Any disagreement concerning whether the study should be included was discussed by all authors. In addition, we contacted some of the corresponding authors of the studies if the databases failed to provide sufficient information.

Literature selection criteria {#S0002-S2002}
-----------------------------

All clinical trials evaluating the safety of ALK inhibitors were considered eligible for the analysis. Two authors (Sun DT and Hou HL) completed the literature screening independently. The inclusion criteria were as follows: 1) trial phases: I to III, only in English; 2) participant types: advanced lung cancer patients; 3) intervention types: patients treated with ALK inhibitors; and 4) outcome measure types: the incidences of pooled AEs and SAEs, and the incidences of all types of SAEs.

The exclusion criteria were as follows: case reports, reviews or meta-analyses; duplicate studies; animal or cell experiments and articles not written in English.

Data extraction {#S0002-S2003}
---------------

Two authors (Sun DT and Hou HL) completed the related literature data extraction independently, including the study ID, ALK inhibitor types, treatment lines, patients' races, trial phases, cancer types, and driver mutations. The characteristics of the included studies are shown in [Table 1](#T0001){ref-type="table"}. We also extracted the following research indicators selected in this meta-analysis from the included studies: the incidence of total AEs; the incidence of total SAEs and the incidences of common types of SAEs, which are shown in [Table S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc). Disagreements concerning the data extraction results were discussed by all authors. Table 1Main characteristics of the included studiesStudy IDALK inhibitorsCancer pathologic typeDriven mutationPhaseNumber of patientsRaceTreatment linesQuality assessmentNCT01945021[@CIT0013]CrizotinibNon-small cell lung cancerROS1II127AsianNA6（NOS）NCT02075840[@CIT0014]CrizotinibNon-small cell lung cancerALKIII151Multi-races1st lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT01639001[@CIT0015]CrizotinibNon-small cell lung cancerALKIII104Asian1st lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT00932451[@CIT0016]CrizotinibNon-small cell lung cancerALKII1066Asian2nd lines6（NOS）NCT00932893[@CIT0006]CrizotinibNon-small cell lung cancerALKIII173Multi-races2nd lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT01154140[@CIT0007]CrizotinibNon-squamous lung cancerALKIII172Multi-races1st lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT02075840[@CIT0014]AlectinibNon-small cell lung cancerALKIII152Multi-races1st lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT01871805[@CIT0017]AlectinibNon-small cell lung cancerALKI13Multi-races2nd lines6（NOS）NCT01871805[@CIT0017]AlectinibNon-small cell lung cancerALKII87Multi-races2nd lines6（NOS）NCT01801111[@CIT0018]AlectinibNon-small cell lung cancerALKII138Multi-races2nd lines6（NOS）JapicCTI-101264[@CIT0019]AlectinibNon-small cell lung cancerALKIII46Asian2nd or 3rd lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT0182811[@CIT0020]CeritinibNon-small cell lung cancerALKIII115Multi-races3rd lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT01685060[@CIT0021]CeritinibNon-small cell lung cancerALKII140Multi-races3rd lines6（NOS）NCT01828099[@CIT0022]CeritinibNon-small cell lung cancerALKIII189Multi-races1st lines[Figure S1](http://www.dovepress.com/get_supplementary_file.php?f=190098.doc)NCT01283516[@CIT0023]CeritinibNon-small cell lung cancerALKI255Multi-races2nd lines6（NOS）NCT01634763[@CIT0024]CeritinibNon-small cell lung cancerALKI20Asian2nd lines6（NOS）NCT02094573[@CIT0025]BrigatinibNon-small cell lung cancerALKII112Multi-races2nd lines6（NOS）NCT02094573[@CIT0025]BrigatinibNon-small cell lung cancerALKII110Multi-races2nd lines6（NOS）NCT01449461[@CIT0026]BrigatinibNon-small cell lung cancerALK/EGFRm/ROS1II137Multi-races2nd lines6（NOS）[^2]

Quality assessment {#S0002-S2004}
------------------

Two authors (Hou HL and Zhang XC) assessed the quality of the studies independently after reading the full text of each study. We used the Newcastle-Ottawa scale (NOS) to assess the quality of non-randomized controlled trials (non-RCTs) in this meta-analysis.[@CIT0011] The quality of the study was considered "poor" if the NOS score was less than 4. If the score was between 4 and 6, we considered the quality of the study "moderate". Studies with scores between 7 and 9 were considered "high quality". The NOS scores of the 21 included studies are shown in [Table S1](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc), and the details of the quality assessment by NOS are shown in the supplementary files ([Table S2](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc)). The risk of bias of the randomized controlled trials (RCTs) was independently assessed by the 2 investigators above using the Cochrane collaboration's tool for assessing the risk of bias in RCTs.[@CIT0012] The details of the assessment are shown in the supplementary files ([Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc)).

Statistical analysis {#S0002-S2005}
--------------------

All statistical analyses in this meta-analysis were performed with the STATA 14.0 software (Stata Corp., College Station, TX, USA). The results are expressed as the rate and 95% confidence interval (CI). In this meta-analysis, we used the random-effects model to perform the statistical analyses and the Chi-square test and I^2^ statistic to assess inter-study heterogeneity. A *p*-value \>0.1 and an I^2^\<50% indicate that the heterogeneity is not statistically significant. If the *p*-value was less than 0.1 and I^2^\>50%, significant heterogeneity existed among the studies, and subgroup analyses were performed to assess the heterogeneity. We followed the Cochrane handbook, and no post hoc analysis was performed. Begg's and Egger's tests were used to evaluate publication bias in this meta-analysis. The trim and fill method was used for the sensitivity analysis in this meta-analysis.

Results {#S0003}
=======

[Figure 1](#F0001){ref-type="fig"} describes the literature selection process of the included studies. A total of 13,253 references were identified after database searching (PubMed 7,514, Cochrane Library 347, Science Direct 5,183, and ClinicalTrials.gov 209). A total of 9,096 references remained after duplicates were removed. A total of 23 references remained after the first screening, and 4 references were excluded for multiple reasons, including 2 that were case-series reports and 2 that were duplicate references. Finally, 19 studies with a total of 3,307 patients were included for the safety evaluation of the two generations of ALK inhibitors.Figure 1Flow chart of the article selection process.

Results of the pooled AEs and SAEs {#S0003-S2001}
----------------------------------

AEs were detected in almost all participants in this meta-analysis. The overall incidences of AEs for the two generations of ALK inhibitors were as follows: crizotinib: 98.27% (95% CI: 96.94--99.61); alectinib: 96.24% (95% CI: 92.88--99.60); ceritinib: 99.45% (95% CI: 98.90--99.99); and brigatinib: 94.77% (95% CI: 92.47--97.08). Importantly, the incidences of the SAEs were not as low as expected. The incidences of the SAEs were as follows: crizotinib: 38.09% (95% CI: 26.93--47.26); alectinib: 26.24% (95% CI: 14.15--38.33); ceritinib: 41.44% (95% CI: 37.15--45.73); and brigatinib: 41.68% (95% CI: 36.21--47.14). The incidences of the AEs and SAEs are shown in [Figure 2A](#F0002){ref-type="fig"}, and the details of the analysis of the AE and SAE incidences are shown in the supplementary files ([Figures S2](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc) and [S3](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc)).Figure 2.Safety of two generations ALK inhibitors.**(A)**Incidences of pooled AEs and SAEs.**(B)**Incidences of SAEs in five systems.**Abbreviation:** ALK, Anaplastic lymphoma kinase.

The SAEs of five major systems {#S0003-S2002}
------------------------------

The incidences of SAEs for five major systems are summarized in [Figure 2B](#F0002){ref-type="fig"}. All SAEs in the five systems followed the classification from clinicaltrails.gov. The ALK inhibitors showed significant respiratory system toxicity. The incidences of SAEs in the respiratory system were as follows: crizotinib: 10.57% (95% CI: 7.22--13.92); alectinib: 5.98% (95% CI: 3.59--8.38); ceritinib: 14.17% (95% CI: 10.85--17.48); and brigatinib: 13.48% (95% CI: 6.24--20.71). In addition to SAEs in the respiratory system, the most common 3 systemic SAEs were found in the nervous system, cardiovascular system and alimentary system. The first generation ALK inhibitor (crizotinib) showed a higher incidence of SAEs in the urinary system as follows: crizotinib: 1.78% (95% CI: 0.77--2.78); alectinib: 0.01% (95% CI: 0.17--0.20); ceritinib: 0.78% (95% CI: 0.26--1.81); and brigatinib: 0.31% (95% CI: 0.46--1.08). Conversely, the second generation ALK inhibitors, especially ceritinib and brigatinib, showed higher nervous system toxicity as follows: crizotinib: 3.88% (95% CI: 2.09--5.66); alectinib: 3.07% (95% CI: 0.45--5.70); ceritinib: 8.84% (95% CI: 3.93--13.75); and brigatinib: 7.40% (95% CI: 4.70--10.10). The forest plots for the SAEs in the five systems are shown in the supplementary files ([Figures S4--S8](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc)).

The SAEs of the ALK inhibitors {#S0003-S2003}
------------------------------

[Figure 3](#F0003){ref-type="fig"} shows the SAEs arranged by incidence for the 4 ALK inhibitors. The lung toxicity of the ALK inhibitors was observed clearly. The SAE (incidence \>1%) comparisons between the two generation of ALK inhibitors are shown in [Figure 4](#F0004){ref-type="fig"}. The forest plots for these results are shown in the supplementary files ([Figures S9--S46](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc)).Figure 3SAEs incidences of two generations ALK inhibitors.**Notes: (A)** crizotinib; **(B)** alectinib; **(C)** ceritinib; **(D)** brigatinib.**Abbreviation:** ALK, Anaplastic lymphoma kinase.Figure 4The comparison of SAEs in two generations ALK inhibitors.**Notes:(A)** pneumonia; **(B)** dyspnoea and respiratory failure; **(C)** pleural effusion; **(D)** thrombotic disease; **(E)** pyrexia; **(F)** vomiting; **(G)** nausea.**Abbreviation:** ALK, Anaplastic lymphoma kinase.

For crizotinib, the SAE sequences were arranged by incidence as follows: pneumonia, 4.21% (95% CI: 2.13--6.30); thrombotic disease (including pulmonary embolism and venal thrombosis), 3.71% (95% CI: 1.85--5.58); pleural effusion, 1.26% (95% CI: 0.74--1.77); pyrexia, 1.14% (95% CI: 0.65--1.64); vomiting, 0.60% (95% CI: 0.03--1.17); increased alanine aminotransferase (ALT) concentration, 0.47% (95% CI: 0.02--0.96); dyspnea and respiratory failure (including dyspnea, respiratory failure and acute respiratory distress syndrome), 0.44% (95% CI: 0.10--0.78); ILD, 0.36% (95% CI: 0.04--0.77); and nausea, 0.08% (95% CI: 0.07--0.22).

Alectinib showed superior safety. The SAE with the highest incidence for alectinib in this meta-analysis was pneumonia (0.80%, 95% CI: 0.52--2.11). The incidences of the other SAEs for alectinib were less than 0.05%.

Ceritinib showed some drawbacks in terms of safety. The SAE sequence arranged by incidence was as follows: dyspnea and respiratory failure, 5.50% (95% CI: 3.10--7.89); pneumonia, 4.29% (95% CI: 2.79--5.79); nausea, 2.53% (95% CI: 1.37--3.69); vomiting, 2.50% (95% CI: 0.62--4.38); pleural effusion, 2.26% (95% CI: 0.55--3.79); pyrexia, 2.05% (95% CI: 0.49--3.61); thrombotic disease, 1.45% (95% CI: 0.57--2.34); and diarrhea, 1.45% (95% CI: 0.57--2.34).

Brigatinib showed more significant lung toxicity than the other SAEs. The SAE sequence arranged by incidence was as follows: pneumonia, 5.09% (95% CI: 2.11--8.07); dyspnea and respiratory failure, 4.29% (95% CI: 0.67--7.90); thrombotic disease, 2.13% (95% CI: 0.64--3.63); and pleural effusion, 2.26% (95% CI: 0.55--3.79).

Subgroup analyses {#S0003-S2004}
-----------------

We set subgroup factors prior to the meta-analysis, including race, treatment lines, driver mutations and ALK inhibitor dosages. When heterogeneity existed in the meta-analysis, subgroup analyses were performed. The subgroup analysis results are shown in [Table S3](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc), and the details of the subgroup analyses are shown in the supplementary files. We found that race, treatment lines and driver mutations were important factors for ALK inhibitor treatment.

Publication bias {#S0003-S2005}
----------------

Egger's and Begg's tests were performed to evaluate publication bias in this meta-analysis. When atypism occurred between two tests for one index in this meta-analysis, we accepted the results of Egger's test.[@CIT0027] The publication bias evaluation results are shown in the supplementary files ([Table S4](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc)). Most of the results in this meta-analysis had no evidence of publication bias.

Sensitivity analysis {#S0003-S2006}
--------------------

The sensitivity analysis results showed no significant differences in most of the results in this meta-analysis after omitting any one of the included studies, which indicated that the results of this meta-analysis were robust. Some of the SAE incidences showed poor sensitivity; we considered that this finding was due to the research effect of the small sample size caused by the very low incidence of SAEs. The sensitivity analysis results are shown in the supplementary files ([Figures S47--S142](https://www.dovepress.com/get_supplementary_file.php?f=190098.doc))

Discussion {#S0004}
==========

ALK inhibitors improve the prognosis of ALK-positive NSCLC patients, and most AEs can be well controlled and tolerated.[@CIT0028],[@CIT0029] However, the SAEs of ALK inhibitors cannot be ignored clinically. With the wide application of ALK inhibitors, ALK inhibitor-related SAEs have gradually aroused our attention. According to the definition of the ClinicalTrials.gov website, SAEs refer to adverse events that result in death, are life-threatening, require inpatient hospitalization or extend a current hospital stay, result in an ongoing or significant incapacity or interfere substantially with normal life functions, or cause a congenital anomaly or birth defect. Therefore, physicians should pay attention to drug-related SAEs when prescribing ALK inhibitor treatment.

In this meta-analysis, we found that the total AEs of the ALK inhibitors occurred in almost all of the participants and that the total SAEs occurred in more than 20% of the participants. In particular, SAEs due to ceritinib and brigatinib occurred in more than 40% of the participants. Alectinib is most likely the safest of the four ALK inhibitor. Regarding the SAE results for the five investigated systems, SAEs of the respiratory system were most common. The second generation ALK inhibitors had a high incidence of SAEs of the nervous system, which was possibly related to their central nervous system (CNS) penetration ability.[@CIT0030] In terms of single SAEs, pneumonia seemed to have the highest incidence. In combination with the incidences of plural effusion, dyspnea and respiratory failure, the ALK inhibitors showed significant lung toxicity. ALK inhibitor-related thrombotic disease should draw our attention when providing long-term treatment for elderly, bed-ridden, cancer patients who have a high risk of suffering thrombotic disease. Moreover, ceritinib had high incidences of alimentary SAEs, including nausea, vomiting and diarrhea. Race, the treatment line and the driver mutation seemed to be important factors for ALK-related SAEs. Generally, the incidences of SAEs increase with the addition of the treatment line. However, alectinib seems to be safer in the second line treatment.

According to the subgroup analysis results, we can draw conclusions regarding the suitability of an ALK inhibitor for a specific population. Based on the subgroup analysis of race, crizotinib may be safer for Asians, especially in terms of the cardiovascular and urinary system SAEs. Alectinib is more suitable for patients with chemotherapy or previous crizotinib treatment in terms of safety, whereas ceritinib is safer as a first-line treatment. Brigatinib showed significant differences in safety between patients with different driver mutations. For patients with ALK mutations or diffusion, treatment with brigatinib is safer.

Admittedly, our meta-analysis has some limitations. Given the low incidences of some SAEs, the small sample size of the research may have influenced the outcomes of this study, resulting in some poor sensitivity evaluation results. Moreover, an insufficient number of clinical trials with results for ALK inhibitors, especially second generation ALK inhibitors, was available for this meta-analysis. Therefore, more clinical trials need to be included to confirm our results.

Conclusion {#S0005}
==========

ALK-related SAEs should draw attention, especially in terms of lung toxicity. According to this meta-analysis, alectinib seems to be the safest ALK inhibitor. Physicians should focus on related SAEs when prescribing ALK inhibitors. Given that lung cancer patients have poor pulmonary function at baseline, the lung toxicity risk of ALK inhibitors should be evaluated before giving treatment.
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